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We g i  ve a met hod f o r  programmi ng cooperat i ng mani pu l  a t o r s  , which 
i s  guided by a geometric desc r ip t i on  of  t h e  task  t o  be c a r r i e d  out. 
For t h i s  we must have a su i tab le  language and a method f o r  desc r ib ing  
t h e  workplace and t h e  objects  i n  i t  i n  geometric terms. A task l e v e l  
command language and i t s  implementation f o r  concur ren t ly  d r i ven  
m u l t i p l e  robot arms i s  described. The language i s  s u i t a b l e  f o r  
d r i v i n g  a c e l l  i n  which manipulators,  end e f fec to rs  and sensors are 
c o n t r o l l e d  by t h e i r  own dedicated processors and these processors can 
communicate w i t h  each other  through a communication network. 
mechanism f o r  keeping t rack  o f  t h e  h i s t o r y  o f  the  commands a l ready 
executed a l lows the  command language f o r  t h e  manipulators t o  be event 
dr iven.  A frame based world modeling system i s  u t i l i s e d  t o  descr ibe 
ob jec ts  i n  t h e  work environment and any r e l a t i o n s h i p s  t h a t  ho ld  
between these ob jec ts .  This system prov ides a v e r s a t i l e  t o o l  f o r  
managing i n fo rma t ion  about t h e  wor ld  model. De fau l t  ac t ions  normal ly  
needed are invoked when the data base i s  updated o r  accessed. Most 
o f  the  f i r s t  l e v e l  e r r o r  recovery i s  a l so  invoked by the database by 
u t i l i s i n g  t h e  concepts o f  demons. 
generate task l e v e l  commands i n  a problem so lve r  o r  a planner. 
A 
The package can be u t i l i s e d  t o  
. 
A Software Toolbox For Robotics Page 3 
1.0 SUMMARY - OF RESULTS OBTAINED: 
1. I examined the e x i s t i n g  Puma i n t e r f a c e  and found t h a t  i t  
w i l l  have t o  be modif ied so tha t  it can be used i n  a c e l l  w i t h  
m u l t i p l e  arms. 
2. Therefore I implemented a s imulator  f o r  a system w i t h  
m u l t i p l e  arm and changeble end e f f e c t o r s  f o r  each arm. A l i s t  i s  
maintained o f  a l l  a v a i l a b l e  resources f o r  t h e  arm. D r y  runs can be 
made f o r  a task t o  see whether t h e r e  w i l l  be any special  obstac le  i n  
c a r r y i n g  i t  out. 
3. Implemented a scheme which keeps t h e  h i s t o r y  o f  a l l  t h e  
commands given t o  any u n i t  o f  the  system. The h i s t o r y  i s  kept i n  two 
places i n  d i f f e r e n t  forms. It i s  s tored i n  a d isc  f i l e  where it can 
be examined l a t e r  f o r  debugging and op t im iza t ion .  It i s  a lso  kept i n  
memory as a stack t o  be used by t h e  program fo r  con t ro l  o f  t h e  
system. 
4. I implemented a data base using t h e  concept o f  frames. 
5. This data base i s  i n t e r f a c e d  t o  t h e  system and i s  used i n  
w r i t i n g  task l e v e l  commands. When t h e  task l e v e l  commands are issued 
t h e  wor ld  model i s  automat ica l ly  updated and a snap shot can be 
taken . 
6. A f u n c t i o n  can be def ined t o  determine the  working envelope 
o f  t h e  Puma arm. This func t ion  can be c a l l e d  t o  determine i f  a p o i n t  
l i e s  ou ts ide  t h e  reach o f  the arm. I f  the  end e f f e c t o r  i s  commanded 
t o  move t o  a p o i n t  outs ide the envelope o f  the  manipulator t h e  
program can detect  i t  and thus can take c o r r e c t i v e  ac t ion  w i thout  
i s s u i n g  t h e  conrnand. 
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I n  a d d i t i o n  the  e f fec t i ve  envelope can be modif ied,  by changing some 
constants i n  the funct ion,  and thus i t  can be used t o  g ive t o  the  arm 
some c o l l i s i o n  avoidance c a p a b i l i t y  w i th  i t s e l f  and other  f i x e d  
obstacles such as the wais t  column o f  t he  arm, the  base t a b l e  e tc .  
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2.0 INTRODUCTION 
I n  designing a c o n t r o l l e r  f o r  a manipulator the  manufacturer 
uses d iverse schemes t o  contro l  t h e  motion o f  t h e  manipulator arm. 
These can be thought o f  as machine i n s t r u c t i o n s  f o r  the  manipulator.  
We g ive  a standard i n s t r u c t i o n  set which can be constructed from t h e  
manufacturer 's set. Thus d i f f e r e n t  manipulators can be i n t e g r a t e d  i n  
a system i n  a un i form manner. This set i s  adequate t o  implement task 
l e v e l  cond i t iona l  commands fo r  a manipulator when we i n t e r f a c e  them 
w i t h  a data base. 
3.0 STANDARD SET -
For a manipulator we can implement the  f o l l o w i n g  basic commands 
([SI Orlando) : 
( I NIT I AL I ZE ARMNUMBER) --- (1) 
which puts the i n d i c a t e d  manipulator arm i n  a predetermined s ta te .  
(MOVE ARMNUMBER X YZOAT-L I ST) --- ( 2 )  
moves the  o r i g i n  o f  the  orthogonal coordinate frame associated w i t h  
t h e  end e f fec to r  o f  t h e  arm t o  t h e  l o c a t i o n  w i t h  Cartesian 
coordinates (x, y, z)  and or ien ts  t h i s  frame w i t h  respect t o  a f i x e d  
reference coord inate frame wi th  angular coordinates ( P h i l ,  phi  2, 
ph i3) .  I n  o ther  words, XYZOAT-LIST i s  a p o i n t  i n  the semid i rect  
product o f  E( 3) ( t h e  3-dimensional eucl idean space) and SO( 3) ( t h e  
group o f  r i g i d  motions o f  E(3)). The end e f f e c t o r  i s  not forced t o  
f o l l o w  any predetermined path. 
(MOVE-ALONG ARMNUMBER DIRECTION-DISTANCE-LIST) --- ( 3) 
moves the  o r i g i n  of t h e  end e f f e c t o r  f o r  a d is tance d along a vector  
(x, y, z )  from i t s  present pos i t ion .  
e f f e c t o r  i s  not modi f ied by t h i s  i n s t r u c t i o n .  
The o r i e n t a t i o n  o f  t h e  end 
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(SET -ANGLES ARMNUMBER ANGLE -L I ST) --- ( 4 )  
sets  the  l i n k s  of the manipulator a t  t he  ANGLE-LIST. 
(POSITION ARMNUMBER) --- ( 5 )  
re tu rns  the  cur ren t  XYZOAT-LIST coordinates o f  the  end e f f e c t o r .  
(STATUS ARMNUMBER IDENTIFICATION-NUMBER) --- ( 6 )  
can be used t o  f i n d  out whether the  command w i t h  the  given 
i d e n t i f i c a t i o n  number has been completed o r  i s  s t i l l  pending. 
(RESUME ARMNUMBER) --- ( 7 )  
enables the  arm and 
(SUSPEND ARMNUMBER) --- (8) 
d isab les  the  arm. The l a s t  two commands cancel each o ther  out,  
(CANCEL ARMNUMBER ) --- (9)  
de le tes  a l l  commands t o  the arm t h a t  are on the command queue. 
4.0 HISTORY MANAGEMENT 
I f  the  rece iv ing  u n i t  i s  enabled it puts on i t s  command queue 
comnands o f  type (1) -( 4) and c a r r i e s  them out sequenti a1 ly. Whenever 
a command has been completed t h e  c e n t r a l  processing u n i t  moves it t o  
i t s  h i s t o r y  stack along w i th  the  i d e n t i f i c a t i o n  number given t o  it by 
the  i s s u i n g  u n i t .  Not ice  tha t  the  i s s u e r ' s  event count i s  used even 
though the  device may maintain i t s  own t ime stamp. Normally t h e  
commanding u n i t  does not w a i t  a f t e r  g i v ing  these commands a l though 
the  rece iv ing  u n i t  does issue a completion repor t  when i t  t r a n s f e r s  
the  command t o  i t s  h i s t o r y  stack. I f  the s ta tus  command i s  received 
t h e  cen t ra l  processing u n i t  searches t h i s  stack t o  g ive i t s  response. 
Commands o f  the  type ( 5 ) - ( 9 )  are executed immediately even i f  it i s  
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comnand i s  stacked i n  f r o n t  o f  t he  command queue. 
type (5 ) - (9 )  t he  commanding u n i t  wa i t s  f o r  the  response. 
For commands of 
I n  a work c e l l  system, as shown i n  f i g u r e  1, t h e  connect ing 
l i n e s  i n d i c a t e  t h e  communication pa th  between t h e  cen t ra l  processing 
un i t s .  
5.0 DATA BASE FOR WORLD MODELLING ----
To be able t o  implement h igh  l e v e l  commands f o r  the manipulators  
we have implemented a data base t o  represent the  working environment 
using frames. I n  the  implementation a l l  the  de fau l t  ac t ions  normal ly  
needed are invoked when the  data base i s  updated or accessed. Frames 
( [ Z ]  Minsky) are s t ruc tu res  t o  make dec la ra t i ve  statments about 
ob jec ts  and r e l a t i o n s h i p s  between objects .  We selected a frame based 
data base because o f  the ease w i th  which the working environment can 
be descr ibed i n  geometric terms. 
wor ld model which descr ibes an arm and an ob jec t  o f  t he  system would 
Thus two t y p i c a l  frames i n  t h i s  
be: 
(arm1 ( type  (name (puma))) 
(base ( rad ius  (150.0))) 
( i n i t  (va lue ((1064.4 681.461 1092.4 0.0 0.0 0.0) ) ) )  
( loca ted  (va lue 
(us ing  ( hand ( handl) ) ) ) 
((1064.4 681.461 0.0 0.0 0.0 0.0)))) 
(a ( t ype  (va lue (cube)))  
(he igh t  (va lue ( 35.0) ) ) 
(base ( rad ius  (24.75) ) ) 
(on (ob jec t  ( P I  1) 
( l oca ted  (va lue  ((1480.0 895.0 35.0 3.14 0.0 0 .0 ) ) ) ) )  
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6.0 CONCURRENT PROGRAMMING LANGUAGE 
Using the  above h i s t o r y  management scheme we can now implement a 
language t o  program a m u l t i p l e  arm c e l l .  Thus i n  the command 
(COND-PUT ARM OBJECT LOCATION SET-CON) TEST-COND) --- (10) 
a l l  t h e  in fo rmat ion  about the OBJECT i s  stored i n  a frame and 
s u i t a b l e  e r r o r  recovery funct ions are invoked when the MOVE and P I C K  
subcommands o f  t h e  COND-PUT are issued. The COND-PUT wai ts f o r  
TEST-COND t o  be t r u e  before it s t a r t s  execut ing and when completed 
sets  t h e  SET-CON) t o  t rue.  An i n t e r p r e t e r  for  the language i s  
implemented us ing t h e  communication network, the  t ime stanp and t h e  
h i s t o r y  t a b l e s  described above. 
To i 1 l u s t r a t e  some o f  t h e  comnands and ' how they can be used t o  
descr ibe a task i n  t h e  language we g ive  a program t o  b u i l d  a seesaw 
o f  f i g u r e  2. 
(CMOVE ARMl H A N D l  BAR A ON C 1 0  P V 1 )  
( C P I C K  ARM2 HAND2 A 2  C 2 1  P V 2  ) 
;pvl, pv2 are cond i t ion  codes returned by the  previous task  
;C10 w i l l  be set t o  T when CMOVE has placed the BAR on the block A 
;and C 2 1  w i l l  be set t o  T when CPICK has picked up the ob jec t  A 2  
( C P I C K  ARMl H A N D l  A 1  C 1 1  C 1 0  ) 
(CMOVETO ARM2 BAR-RT C 2 2  C 2 1 )  
(CMOVETO ARMl  BAR-LT C 1 2  C 1 1 )  
(CRELEASE ARM2 HAND2 
;(AND C 1 2  C 2 2 )  guarantees t h a t  both ob jec ts  A 1  and A2 are immediately 
;above t h e  bar so t h a t  i f  one cube i s  placed before the other the  bar  
;would not f a l l  
(CRELEASE ARMl HANDl  C 1 3  C12) 
C 2 3  (AND C 1 2  C 2 2 ) )  
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Figure 2: A seesaw 
